Résumé. 2014 Abstract. -During directional solidification of alloys, a cellular structure can be observed above a critical pulling speed. Under certain conditions, the cusps behind the cells can present a secondary instability characterized by a periodic emission of liquid droplets. These droplets are transported by the solid, but also migrate towards the solid-liquid interface by temperature gradient zone migration. We study the conditions of appearance of the droplet instability and discuss the information concerning growth mechanisms that can be deduced from a study of the migration.
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L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. [1] . This deformation is associated with the segregation of solute in the cusps behind the cells. The mechanism behind the instability was explained by Mullins and Sekerka [2] : it is the competition between the destabilizing effect of solute diffusion and the stabilizing effects of the temperature gradient and the interfacial tension. To allow direct observation of the phenomenon, we use thin (50)03BC) samples of a transparent material, tetrabromomethane, containing 0.12 % excess bromine. The experimental set-up is described in reference [3] . The temperature gradient was 138'/cm unless otherwise specified.
The observations described here concern a secondary instability : the formation of liquid droplets in the cusp behind the cells (Fig. 1) . These [9] have discussed the production of droplets in an Al-Cu alloy and have performed microanalysis which confirms that they are enriched in solute by a factor of the order of 100 compared to the initial concentration. Biloni and Bolling [10] carried out a metallographical study in very fine detail of a Sn-Pb alloy that shows that, once solidified, the droplets appear as hollow shells of solute-rich material in a purer matrix. Other authors have mentioned the presence of these droplets [11, 12] . Yet in a number of published micrographs, no sign of droplets can be seen [13] [14] [15] [16] . Apparently there is some question as to what causes them.
In the present work, we have determined that their appearance is usually related to variation or modulation of the pulling speed, and more precisely to the adjustment of the cellular wavelengths that they provoke ( Fig.1) : it is known that in the cellular regime, the wavelength varies with the pulling speed as V 1/2 [3] . To (Fig. 7) .
Brattkus has examined the theoretical problem of this type of instability in the cusp behind deep cells [17] . He (Fig. 2) (Fig. 7) . Below [19] have studied the behavior of the « leaky faucet », showing a progression to period doubling and chaotic behavior. In the present study, we have observed the appearance of a second periodicity apparently due, at least in some cases, to emission on two levels, as well as irregular behavior. Unfortunately, the resolution with which time intervals are measured does not allow us to produce the precise time series needed to detect eventual chaotic behavior.
As mentioned above, the emission of droplets seems related to an adjustment of the wavelength (Fig. 1) . This adjustment takes place by the splitting or the disappearing of a cell.
Before this takes place, the system can be pushed fairly far from its equilibrium wavelength, because there is a much longer response time to wavelength adjustment than to amplitude adjustment. In figure 8 , for example, we show that up to a modulation (at 0.02 Hz) such that V max/V min = 2.4, the wavelength remains roughly constant (although the usual dependence is with V -1/2. In some cases, one can observe a slight modulation of the wavelength.
3. Droplet migration.
As mentioned in the introduction, once formed, the droplets do not remain immobile with respect to the solid. They migrate back towards the interface by a temperature gradient zone melting mechanism. A number of studies have been undertaken concerning the migration of liquid inclusions in a temperature gradient since arctic explorers first observed that polar ice was purer on the colder side. Whiteman [20] discovered the mechanism responsible for the migration : the temperature gradient sets up a flux of salt across the droplet, causing a fusionsolidification phenomenon.
Tiller [21] and Jones and Chadwick [22] developed this idea and established a theoretical expression for the migration speed, taking into account both diffusion inside the droplet as well as kinetic attachment effects on the growing or the melting interface. The basic mechanism causing the droplet migration is solute diffusion within the droplet due to the concentration gradient that accompanies the temperature gradient. Nevertheless, kinetic effects at the melting and the freezing interface can be dominant. The above authors neglected solute diffusion in the solid, capillary effects due to the curvature of the solid-liquid interface (Sekerka [23] has shown this latter approximation to be fully justified.) and any variation in droplet size (so in fact the speed of the droplet is taken to be that of its melting interface).
First neglecting kinetic effects they found the following expression for the droplet velocity where D is the solute diffusion coefficient in the liquid, G is the temperature gradient, m is the liquidus slope, c is the average concentration in the droplet and k is the partition coefficient. This equation supposes that the two phases are in equilibrium along the droplet interface. Therefore, assuming the growth front (that of the whole crystal being solidified) to be at the melting temperature of the pure crystal, one obtains :
where Z is the distance from the droplet to the growth front. Tiller [21] then introduces kinetic effects, i.e. the melting interface is no longer at equilibrium. The solute concentration in the liquid is higher than the equilibrium value, so the solute gradient across the liquid inclusion is reduced. That imposes a much slower rate of advance of the melting interface. In the case of what is known as normal growth (i.e. taking place on a microscopically rough interface), growth speed follows a linear law with a kinetic coefficient 03BC1. Jones and Chadwick [22] find the droplet velocity to be :
where d is the droplet diameter.
In the case where growth takes place in spirals around screw dislocations, the growth speed follows a quadratic law with a kinetic coefficient 03BC2. In that case, the migration speed is [22] :
In the experiments, as long as the sample is being pulled, the main component of the movement of the liquid inclusions, carried by the solid, is a translation in the temperature gradient towards the cold end. They are progressively solidified and their diameter decreases. It becomes constant, to within experimental resolution, at about 2 000 it behind the solidliquid interface, i.e. about 30° below the melting temperature of the pure material. Figure 9 shows this variation for a series of initially large droplets. In fact, the inclusions are simultaneously migrating towards the warm side of the temperature gradient. This can be better observed by stopping the sample (i. e. the solid is no longer growing). To separate temperature and size effects on droplet migration, we first carried out a series of measurements of droplet velocity versus diameter at a given value of the distance to the interface Z, that is at practically constant melting interface temperature (Fig. 10) . One can observe only a slight increase in velocity with the droplet diameter. The following variations of migration speed cannot therefore be ascribed to an effect of the droplet diameter. [10] .
We have tried to analyse this data in the light of the theoretical considerations described above. It should be noted that the relative variation of the absolute temperature is less than 10 % in these experiments, so, in spite of the precision of figure 11 , the values deduced below are precise only to within roughly a factor 2. The results were in fact checked on four data series at somewhat different temperature gradients (116 to 138°/cm). The extrapolated to melting temperature we find 03BC 1 = 1-2 x 10-3 cm. s-1. K-1. The dependence of migration speed on the droplet diameter (Fig. 9) (Fig. 10) is a dependence at least 10 times weaker than expected. We have no adequate explanation for this phenomenon. Due to the difference in density between the solid and the liquid one would expect mechanical stress around the progressively solidifying droplet as well as pressure effects to play a rolethey are not considered in the theory described above.
We have not considered a growth mechanism via 2D nucleation, since cristallographic defects such as grain boundaries are clearly visible in the solid. 4 . Conclusion.
In conclusion, it appears that the emission of droplets is due to a capillary instability of the cusp. This implies that the cusp is a three dimensional structure. Droplet emission also seems related to the adjustment of cell shape and wavelength, and illustrates the great sensitivity of the cell cusp to external perturbations. The study of the migration of the droplets in the solid shows that during growth kinetic effects must be considered. Their order of magnitude suggests a growth mechanism taking place on dislocations. However, the weak dependence of the migration velocity on the droplet diameter remains puzzling.
